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Abstract 

Though  rechargeable  lithium  batteries  with  a  lithium  metal  anode  have  a  high  energy  density  compared  with  lithium-ion  batteries  with  a 
carbon  insertion  anode,  the  poor  rechargeability  of  the  lithium  anode  prevents  the  practical  use  of  such  batteries.  In  this  paper,  several 
approaches  studied  in  the  author’s  former  laboratory  at  Kyoto  University,  have  been  reviewed  in  order  to  improve  such  poor  rechargeability. 
Poor  rechargeability  is  caused  by  the  formation  of  lithium  dendrites  during  the  charge  process.  The  dense  and  thin  bilayer  film  of  LiF  and 
Li20  formed  on  the  deposited  lithium  by  the  addition  of  the  small  amounts  of  HF  and  H2G  in  the  electrolyte  may  be  effective  for  the 
suppression  of  the  dendritic  formation  of  lithium.  ©  1997  Published  by  Elsevier  Science  S.A. 
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1.  Introduction 

Much  effort  has  been  expended  to  produce  lithium  sec¬ 
ondary  batteries  with  lithium  metal  anodes  because  of  their 
high  energy  density  compared  with  lithium-ion  batteries  with 
carbon-type  insertion  anodes.  However,  the  poor  recharge¬ 
ability  of  the  lithium  anode  prevents  the  practical  use  of  such 
batteries.  This  is  caused  by  the  formation  of  lithium  dendrites 
during  the  charging  process.  Such  dendritic  lithium  either 
loses  its  electrochemical  activity  or  grows  through  the  sepa¬ 
rator  to  touch  the  cathode  material,  leading  to  internal  short 
circuits.  Though  several  approaches  are  currently  being  stud¬ 
ied  to  suppress  the  dendritic  formation  of  lithium  during  the 
charging  process,  fruitful  results  have  not  yet  been  obtained 
[1,2]. 

The  formation  of  dendritic  lithium  is  related  to  the  interface 
state  and  reactivity  between  lithium  and  the  electrolyte.  Thus, 
it  is  most  important  to  control  the  passivating  layer  on  lithium 
by  selecting  a  less  reactive  liquid  electrolyte  (e.g.  Li2C03, 
LiF)  [3].  The  formation  of  such  passivating  layers  is  pro¬ 
moted  by  adding  agents  such  as  C02  [4-7]  or  HF  [  8,9] .  Snl2 
and  A1I3  are  also  proposed  as  additives  to  improve  the  lithium 
rechargeability  [10].  Another  approach  to  change  the  lithium 
deposition  morphology  has  been  studied  by  pressurizing  the 
cell  stack.  Lithium  is  deposited  densely  and  uniformly  at  the 
anode  surface  under  pressure  and  the  isolation  of  deposited 
lithium  from  the  anode  substrate  during  stripping  is  decreased 
[11].  Such  a  change  of  lithium  deposition  requires  the  use 
of  polymer  electrolytes  [  1  ] .  These  materials  which,  due  to 


their  solid-like  nature  and  plasticity,  are  expected  to  be  less 
reactive  than  their  liquid  counter  parts  and  to  be  able  to 
accommodate  interfacial  expansions  and  contractions  upon 
cycling.  A  highly  rechargeable  lithium  metal  anode  is 
expected  through  such  extensive  research  in  the  future. 

In  this  paper,  research  to  suppress  the  dendritic  formation 
of  lithium  during  the  charging  process  is  reviewed. 

2.  Surface  films  on  lithium  and  morphologies  of 
electrodeposited  lithium 

The  surface  films  on  lithium  immersed  in  various  electro¬ 
lytes  were  analyzed  by  X-ray  photoelectron  spectroscopy 
(XPS),  Fourier-transform  infrared  spectroscopy  (FT-IR), 
and  scanning  electron  micrograph  ( SEM )  [12-16].  The  pos¬ 
sible  model  for  the  native  film  formed  on  the  lithium  surface 
analyzed  by  XPS  spectra  is  illustrated  schematically  in 
Fig.  1(a).  The  outer  part  of  the  native  film  consists  of  LiOH 
and  Li2C03  and  the  inner  part  consists  of  Li20.  The  mor¬ 
phologies  of  lithium  electrodeposited  on  lithium  metal  and 
the  surface  states  of  lithium  immersed  in  propylene  carbonate 
(PC),  y-butyrolactone  (y-BL)  or  tetrahydrofuran  (THF) 
containing  LiC104,  LiAsF6,  LiBF4,  LiCF3S03  or  LiPF6  were 
examined.  The  models  for  the  surface  state  of  lithium 
immersed  in  PC  or  y-BL  containing  1 .0  M  LiBF4  or  LiPF6 
for  10  min  or  3  days,  analyzed  by  XPS  spectra,  are  illustrated 
in  Fig.  l(b)-(d).  LiF  in  the  film  may  be  formed  by  the 
decomposition  of  salts,  the  reaction  of  lithium  compounds 
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Fig.  1.  Schematic  illustration  of:  (a)  as-received  lithium  surface;  (b)  lithium  surface  immersed  in  PC  or  y-BL  containing  1.0  M  LiBF4  or  LiPF6  for  10  min; 
(c)  in  PC  or  y-BL  containing  1.0  M  LiBF4  for  3  days,  and  (d)  in  PC  or  y-BL  containing  1 .0  M  LiPF6  for  3  days. 


occurring  in  the  native  film  with  HF  existing  in  electrolyte  as 
an  impurity,  or  by  the  decomposition  of  salts  in  electrolyte. 
The  surface  film  on  lithium  immersed  in  PC  or  y-BL  con¬ 
taining  LiPF6  for  3  days  consists  of  the  dense  LiF  and  under¬ 
lying  thin  Li20  layer,  as  shown  in  Fig.  1(d).  The  surface 
films  on  lithium  immersed  in  THF  electrolyte  were  different 
from  those  immersed  in  PC  and  y-BL  electrolyte.  XPS  spectra 
for  the  lithium  surface  immersed  in  THF  containing  various 
salts  showed  a  large  amount  of  C,  in  addition  to  F.  This 
indicates  that  a  large  amount  of  organic  compounds,  e.g. 
lithium  alkoxides  are  formed  in  the  LiF  layer.  This  is  caused 
by  the  low  surface  tension  and  viscosity  of  THF.  THF  is  more 
permeable  in  the  surface  film  and  easily  contacts  to  the  lithium 
metal  surface  to  form  large  amounts  of  organic  compounds. 

The  SEM  graphs  of  lithium  electrodeposited  on  lithium 
metal  immersed  in  PC  containing  1.0  M  LiBF4  or  LiPF6  for 
10  min  or  3  days  are  shown  in  Fig.  2.  The  formation  of  lithium 
dendrites  is  clearly  observed  on  the  lithium  surface  in  Fig. 
2(  a)-(c) .  In  the  case  of  the  deposition  of  lithium  on  a  surface 
covered  with  the  organic  compounds  formed  by  the  direct 
reaction  between  lithium  and  THF  electrolyte,  lithium  den¬ 
drites  were  also  easily  formed.  On  the  other  hand,  the  mor¬ 
phology  of  the  electrodeposited  lithium  on  a  lithium  surface 
immersed  in  PC  containing  1 .0  M  LiPF6  for  3  days  is  not 
dendritic,  but  hemi- spherical  as  shown  in  Fig.  2(d).  From 
these  SEM  observations,  we  see  that  the  morphology  of  lith¬ 
ium  deposited  on  the  lithium  surface  depends  on  the  surface 
state  of  lithium.  The  surface  film  on  lithium  immersed  in  PC 
or  y-BL  containing  1.0  M  LiPF6  for  3  days  may  consist  of  a 
dense  and  thin  LiF  layer  which  prevents  the  reaction  between 
electrolyte  and  lithium,  and  a  dense  and  uniform  Li20  under¬ 
layer  as  Li +  ion  conductor.  In  other  cases,  the  lithium  surface 
may  be  covered  with  a  thick  and  porous  layer  consisting  of 
lithium  compounds.  If  the  formation  of  dendrites  is  related 
to  the  current  distribution  during  electrodeposition,  the  sur¬ 
face  film  as  shown  in  Fig.  1  ( d)  may  have  a  leveling  effect 
on  the  current  distribution,  resulting  from  the  dense  and  uni¬ 
form  surface  film. 

The  surface  modification  of  lithium  as  shown  in  Fig.  1(d) 
is  considered  to  be  caused  by  the  acid-base  reaction  of  the 
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Fig.  2.  SEM  graphs  of  lithium  deposited  on  a  lithium  surface  immersed  in: 
(a)  1.0  M  LiBF4/PC  for  10  min;  (b)  1.0  M  LiBF4/PC  for  3  days;  (c)  1.0 
M  LiPF6/PC  for  10  min,  and  (d)  1.0  M  LiPF6/PC  for  3  days,  under 
galvanostatic  condition  at  1.0  mA  cm-2  (2  C  cm  2). 

native  film  with  HF  added  in  pure  PC  [  8, 17  ] .  A  lithium  metal 
foil  was  put  into  PC  containing  5  X  10” 4  M  HF  and  7  X  10“ 4 
M  H20  for  3  days  and  the  electrochemical  deposition  of 
lithium  on  the  modified  surface  was  performed  in  PC  con¬ 
taining  i  M  LiPF6.  Fig.  3(a)  shows  a  SEM  of  lithium  depos¬ 
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Fig.  3.  SEM  graphs  of  lithium  deposited  on  the  as-received  lithium  modified 
with  the  HF  treatment:  (a)  after  the  first  electrochemical  deposition,  and 
(b)  that  after  five  dissolution  and  deposition  cycles,  under  galvanostatic 
condition  at  0.2  mA  cm“2  (total  deposition  charge:  0.48  C  cm'2) . 
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ited  on  the  modified  lithium.  The  morphology  of  the 
deposited  lithium  is  hemi- spherical.  Even  after  five  dissolu¬ 
tion  and  deposition  cycles,  no  dendrites  are  observed,  as 
shown  in  Fig.  3(b).  The  surface  film  modified  by  HF  treat¬ 
ment  has  the  thin  bilayer  structure  of  LiF  and  Li20  and  the 
use  of  PC  or  y-BL  containing  LiPF6  enhances  the  suppression 
of  the  dendritic  formation  of  lithium. 

A  thin  and  uniform  surface  film  has  a  leveling  effect  on 
the  current  distribution  for  lithium  electrodeposition.  The 
lithium  surface  is  covered  with  a  native  film.  After  this  film 
was  removed  by  argon  sputtering,  an  ultra-thin  plasma  poly¬ 
mer  layer  (0.6  pm)  of  solid  polymer  electrolyte  was  depos¬ 
ited  on  the  lithium  surface  in  the  same  reactor  immediately 
after  sputtering.  An  ultra-thin  and  uniform  solid  polymer 
electrolyte  layer  was  prepared  from  1 , 1 -difluoroethene  by 
plasma  polymerization.  An  SEM  observation  suggests  that 
dendritic  growth  of  lithium  was  suppressed  on  the  lithium 
surface  modified  by  the  ultra-thin  solid  polymer  electrolyte 
[18]. 

3.  Electrodeposition  and  suppression  of  dendritic 
formation  of  lithium  on  a  nickel  substrate 

On  the  basis  of  the  suppression  of  dendritic  formation  of 
lithium  on  lithium  foil,  the  electrochemical  deposition  of 
lithium  on  a  nickel  substrate  was  examined  [9,19] .  The  mor¬ 
phology  of  the  lithium  deposited  on  a  nickel  substrate  in  PC 
containing  1.0  M  LiC104  (LiC104/PC)  had  the  typical  den¬ 
drite  form,  and  grey  lithium  was  deposited  on  nickel.  On  the 
other  hand,  the  electrodeposition  of  lithium  was  then  per¬ 
formed  in  LiC104/PC  containing  5X10“ 3  M  HF  and 
7  X  10“ 3  M  H20.  The  lithium  deposited  on  a  nickel  substrate 
in  this  electrolyte  had  a  hemispherical  form,  and  irregular 
shapes  were  not  observed.  The  color  of  the  nickel  electrode 
surface  turned  to  brilliant  blue  during  the  electrodeposition 
of  lithium.  This  indicates  that  the  lithium  surface  is  very 
smooth  and  uniform.  A  schematic  illustration  of  the  surface 
state  of  the  blue  lithium  from  XPS  analysis  can  be  drawn  as 
shown  in  Fig.  4.  The  thickness  of  the  surface  film  on  depos- 

o 

ited  lithium  was  estimated  to  be  about  25-50  A,  from  both 
the  XPS  analysis  and  the  impedance  measurement  of  the 
surface  film.  Similar  morphologies  are  also  observed  in 
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Fig.  4.  Schematic  illustration  of  the  surface  film  of  lithium  deposited  on  a 
nickel  substrate  in  1 .0  M  LiC104,  5  X  10  3  M  HF,  and  7  X  10" 3  M  H20/PC 
under  galvanostatic  condition  at  1.0  mA  cm  2  (2  C  cm  2) . 


LiPF6/PC,  LiCF3S03/PC,  LiBF4/PC,  LiAsF6/PC,  LiC104/ 
y-BL,  and  LiC104/ ethylene  carbonate  (EC)  and  diethyl  car¬ 
bonate  (DEC)  without  HF,  or  containing  1  X  10~2  M  HF 
and  1.4 X  10“2  M  H20,  as  shown  in  Figs.  5  and  6.  Thus,  it 
can  be  concluded  that  the  dense  and  thin  bilayer  of  LiF  and 
Li20  formed  on  the  lithium  surface  by  the  addition  of  small 
amounts  of  HF  and  H20  to  the  electrolyte  is  very  effective  in 
suppressing  the  formation  of  lithium  dendrites. 

After  five  discharge  and  charge  cycles  in  LiC104/PC  con¬ 
taining  1.0 X  1CT2  M  HF  and  1.4 X  10"2  M  H20,  the  elec- 
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Fig.  5.  SEM  graphs  of  lithium  deposited  on  a  nickel  substrate  in:  (a)  1 .0  M 
LiCFjSCypC;  (b)  1.0  M  LiBF4/PC;  (c)  1.0  M  LiAsF6/PC,  and  (d)  1.0 
M  LiC104/EC  +  DEC,  under  galvanostatic  condition  at  1.0  mA  cm  2 
( 1.0  C  cm"2). 
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Fig.  6.  SEM  graphs  of  lithium  deposited  on  a  nickel  substrate  in  ( a)  1 .0  M 
LiCF3S04/PC;  (b)  1.0  M  LiBF4/PC;  (c)  1.0  M  LiAsF^/PC.  and  (d)  1.0 
M  UC104  /EC  +  DEC,  containing  1 .0  X  1 0  ~ 2  M  HF  and  1 .4  X  1 0  ~  2  M  H,0, 
under  galvanostatic  condition  at  1 .0  mA  cm  ~  2  ( 1 .0  C  cm  “ 2 ) . 
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Fig,  7.  SEM  graphs  of  lithium  deposited  on  a  nickel  substrate  in  1.0  M 
LiC104/PC  containing  1.0X  10 ~2  M  HF  and  1.4X  10  2  M  H20  after:  (a) 
2nd  charge;  (b)  5th  charge;  (c)  20th  charge,  and  (d)  on  another  nickel 
substrate  in  the  electrolyte  in  which  20  cycles  were  already  performed; 
(charge /discharge  current  density:  1.0  mA  cm-2,  amount  of  electricity  of 
charge:  1.0  C  cm'2,  cut-off  potential  for  discharge:  1.0  V  vs.  Li/Li + ). 
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Fig.  8.  Cole-Cole  plots  for  lithium  deposited  on  a  nickel  substrate  in:  (a) 
1.0  M  LiCF3S03/PC  without  HF  addition;  (b)  1.0  M  LiCi04/PC;  (c)  1.0 
M  LiC104/EC 4- DEC;  (d)  1.0  M  LiCF3S03/PC  containing  FOX  10'2  M 
HF  and  1.4 X  10“ 2  M  H20  after  1st  charge;  (e)  after  2nd  charge,  and  (f) 
after  10th  charge,  under  galvanostatic  condition  at  1.0  mA  cm-2  (1  C 
cm'2).  Impedance  measurement  for  lithium  was  performed  at  open-circuit 
voltage,  the  amplitude  of  the  alternating  current  was  5  mV,  and  the  frequency 
range  was  50  kHz-0.0 1  Hz. 


trade  surface  is  still  smooth,  and  no  dendrite  growth  is 
observed  as  shown  in  Fig.  7(b).  Thus,  it  can  be  concluded 
that  the  addition  of  a  small  amount  of  HF  to  the  electrolyte 
is  quite  effective  for  suppressing  the  formation  of  lithium 
dendrites.  However,  after  20  discharge  and  charge  cycles, 
irregularities  in  the  lithium  deposition  are  observed  on  the 
surface  as  shown  in  Fig.  7(c).  By  using  the  electrolyte  after 
20  discharge  and  charge  cycles,  lithium  was  deposited  on 
another  nickel  substrate.  The  electrode  surface  is  smooth  and 
no  dendrite  growth  is  observed  as  shown  in  Fig.  7(d).  Thus, 
it  is  concluded  that  the  irregularities  after  20  discharge  and 
charge  cycles  are  caused  by  the  disturbance  of  uniformity  of 
the  surface  film. 

Cole-Cole  plots  for  lithium  deposited  on  a  nickel  substrate 
in  various  electrolytes  are  shown  in  Fig.  8.  The  semicircle  of 
each  Cole-Cole  plot  depends  on  the  resistance  of  the  charge 
transfer  or  that  of  the  surface  film.  Since  the  charge-transfer 
resistance  is  considered  to  be  about  1  fl  cm2  from  an  exchange 
current  density  more  than  30  mA  cm-2  [20],  the  diameter 
of  the  semicircle  in  Fig.  8  should  be  due  to  the  resistance  of 
the  surface  film.  A  large  distortion  of  the  semicircle  is 
observed  in  Cole-Cole  plots  for  lithium  deposited  on  a  nickel 
substrate  in  the  electrolyte  without  HF,  as  shown  in  Fig.  8  ( a) . 
This  may  be  due  to  the  large  roughness  of  the  lithium  surface, 
caused  by  the  dendritic  formation  of  lithium.  On  the  other 
hand,  in  the  case  of  the  electrolyte  containing  HF,  real  semi¬ 
circles  with  top-frequencies  of  15.8  Hz  are  observed,  as 
shown  in  Fig.  8(b)-(f).  Thus,  the  surface  films  formed  in 
the  electrolyte  containing  a  small  amount  of  HF  and  H20  are 
flat  and  smooth,  and  have  almost  the  same  structure,  regard- 


Fig.  9.  Cycle  efficiency  changes  of  lithium  deposited  on  a  nickel  substrate 
in:  (a)  1.0  M  LiCF3S03/PC  without  HF  addition,  and  (b)  containing 
2.0x10_2MHF  and  3.1  X  10^2  M  H20,  under  galvanostatic  condition  at 
l.OmAcm"2  (t  Ccm~2,  cut-off  potential  for  discharge;  1.0  V  vs.  Li  /  Li +  ). 

less  of  which  electrolyte  was  used.  On  the  first  and  second 
charge,  almost  the  same  surface  films  are  observed,  as  shown 
in  Fig.  8(d)  and  (e).  But,  at  the  10th  charge,  the  ionic  con¬ 
ductivity  of  the  surface  film  is  somewhat  decreased  with  the 
accumulation  of  the  LiF  and  Li20  layer  on  the  lithium  surface, 
as  shown  in  Fig.  8(f). 

Cycle  efficiency  changes  for  the  lithium  electrodepo sited 
on  a  nickel  substrate  are  shown  in  Fig.  9.  Though  the  addition 
of  a  small  amount  of  HF  to  the  electrolyte  is  effective  for  the 
suppression  of  lithium  dendrite  formation,  its  effect  is 
decreased  with  discharge  and  charge  cycles.  The  search  for  a 
stable  surface  film  on  the  deposited  lithium  after  longer  dis¬ 
charge  and  charge  cycles  is  important  for  the  practical  use  of 
lithium  metal  anodes.  By  such  research,  lithium  metal  anodes 
may  be  used  in  rechargeable  batteries. 
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